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1. Introduction

This report describes the experimental procedures and results for a
series of flash x-ray tests of Jaycor ultra-miniature pulsed current
probe transformers (UMPCs). The purpose of the tests was to deter-
mine the radiation-induced noise response of the transformers in
fluences up to the maximum obtainable from our high-intensity
flash x-ray (HIFX), somewhat above 2 x 101! rads(Si)/s [1]. This is an
important parameter, since to be most useful these transformers
must have the lowest possible noise response, allowing them to be
used to accurately monitor small currents, such as input photocur-
rents to silicon-on-sapphire (SOS) logic devices, while the device
and the probe are both exposed to a high fluence. The transformer
must operate in this fluence because in general it is not possible to
separate the current probe physically from the device monitored by
it; the inductance added by a significant length of conductor would
alter circuit response. Also, the added conductor would itself be sub-
ject to collecting noise induced by internal electromagnetic pulse
(IEMP) currents.

Transformers using a variety of construction techniques were evalu-
ated and compared, as were factors ancillary to their use, such as
noise pickup by the printed circuit (PC) board on which the trans-
former were mounted.

The radiation-induced noise response of the boards was found to be
a determining factor in the overall performance of the transformer,
and much of the report is therefore devoted to board responses,
which were often not in even qualitative agreement with expecta-
tions based on accepted IEMP drive mechanisms.

The UMPCs were tested in three groups, spread over about eight
months. The first tests showed that the first lot of UMPC transform-
ers had much greater than expected noise response and (as will be
shown) suggested problem areas to be overcome. The second series
of tests, on a new lot of UMPCs that were prepared so as to highlight
the effects of potting materials and the transformer assembly,
showed considerable improvement, enough so that the IEMP noise
coupled into the test circuit board became suspect as a significant
contributor to system noise. This possibility was evaluated in both
test-series 2 and 3. The third series of tests used lead collimating
apertures to confine the area of radiation and aid in separating trans-
former responses from those of the circuit board to w! ich the trans-
formers were attached.




2. Description of Current Probes

The Jaycor UMPC is a very small balanced pass-through current
transformer similar to its larger predecessor, the MPC-8 [2]. Its con-
cept of operation is the same as that of the well-known Tektronix
CT-1 and CT-2 current transformers, but in the UMPC devices a bal-
anced winding, combined with small physical size (small area for
collection of IEMP currents) and careful dielectric potting, yields a
much reduced response to pulsed radiation. It is intended to be used
as a minimally perturbing current monitor, small cnough (0.165 x
0.090 x 0.060 in.) to allow it to be inserted directly into ci cuit boards,
where it becomes part of the structure. This requires little modifica-
tion of the circuit board and thus the added inductance and capaci-
tance are small, allowing nearly undisturbed normal operation of
the circuit.

The UMPC (sh )wn in cross section in fig. 1) has 1 balanced construc-
tion, using 12 turns of bifilar-wound 0.001-in. copper wire as the sec-
ondary for the transformer, wrapped around a 0.033-in. O.D.
Ceramic Magnetics CN20 ferrite cure (0.014-in.-thick, 0.011-in.-wide
hole). A 50-Q chip resistor across the secondary reduces the imped-
ance seen by the transformer, increasing the inductance to resistance
(L/R) ratio, and thereby decreasing the low-frequency limit. The
output signal is transmitted by a balanced transmission line to a
balun, which inverts the negative signai and adds it to the positive
signal, producing about 0.5 mV of sensor output per mA of primary
current (after a 2.5x amplitude reduction due to the balun). The
action of the balun rejects common-mode noise drive to the balanced
line connecting the transformer to instruments.
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Figure 2. Swept-
frequency response
of transformer.

Figure 3. Installation
of UMPC transformer
into multi-layer
circuit board for test-
series 1.

The frequency response of the transformer is nearly flat to above
300 MHz, as shown in figure 2; the associated pulse risetime is about
1 ns. Tests made with pulses showed linear response to above a 15-A
peak, with a saturation product of about 300 A-ns.

The UMPC is sufficiently small that it is compatiole with high-
density interconnect packaging. The carrier shown in figure 1 has
0.015-in.2 gold bond pads that can be bonded-out with fly wires to
pads on a circuit board. Figure 3 illustrates the method used to inte-
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grate the UMPC into the circuit board for the first series of tests. The
UMPC fits into a hole cut into the circuit board and attaches to sar-
face pads on the board via aluminum bond wires. The surface pads
lead to through-holes which connect to buried signal traces. The
probe is epoxied onto a grounded bottom plate that is soldered onto
the board ground plane. The internal region, in particular the bond
wires, is then covered with HIPEC and a metal cap is soldered onto
the board ground plane to complete the shielding enclosure
Around the perimeter of this ring are six through-holes (not shown)
that connect the top and bottom ground-planes, stitching an rf bar-
rier around the UMPC. This method of installation into the board
became suspect and a second method, shown later in figure 8, in
which the flywires betweer. carrier and board are connected to pads
emerging from a step cut at the buried signal layer, was used for the
second and third test series. This avoided the need for surface pads
and through-holes, resulting in less conductor area and conse-
quently a smaller radiation response.

3. Radiation Testing

3.1

Figure 4. Current
transformers on test
board for test-series 1.
One transformer, D, is
connected by 5-mil
traces on the inner
layer of the circuit
board; other
transformers are
connected by the
standard 10-mil traces.

Circuit Board

For the first test series the transformers were attached to a circular
circuit board, depicted in figure 4, which formed the interface be-
tween the transformers and the low-noise test fixture developed by
Jaycor [3]. Each board was fitted with four transformers, represented
by the small rectangles near the center. Each transformer is con-
nected to the board as shown in figure 3, with the output leads ulti-
mately connected to the test fixture probes by the circular pads at




3.2

Figure 5. Instrumen-
tation connected to
circuit board for test-
series 1. Note that
two Pogos, connected
to 12B and 16B, have
integral current
transformers.

the periphery of the board (numbered 5B, 6B, 8B, 9B, etc). The board
itself has ground planes on both sides, and narrow traces, symmetri-
cally placed between the ground planes, connect the signals. This
type of construction has a very low radiation-induced noise level [4)
because it incorporates narrow traces (with less area for electron col-
lection/emissior), symmetrical construction (such that radiation
incident normal to the board knocks about as many electrons
between first ground plane and trace as between trace and second
ground piane, roughly canceling), and polyimide dielectric (which
has a low value of radiation-induced conductivity).

Instrumentation

The instrumentation connected to the board is shown in figure 5.
The board is the rectangle indicated by the dotted lines with the
numbered circles (5B, 6B, etc) representing the connections to the
spring-loaded probes, known as Pogos, which are part of the low-
noise test fixture. Two of the Pogos, those connected to 16B and 12B,
contain internal current transformers; the remainder of the Pogos
are only electrical extensions of the 50-Q lines. These transformerless
Pogo probes have very low noise pickup, less than 1 mV (into 50 Q)
at full fluence, when connected to outer-ring (B) terminals.

Since the UMPC current transformers produce differential signals, it
is necessary that the lines connecting to them, including the traces
on the board, the Pogo probes, and the cujacs leading to instrumen-
tation, be matched in electrical length. In these tests the match was
within a few millimeters. On the board, where radiation is intense, it
is also necessary to keep the lines close together so that they experi-
ence the same radiation environment, and therefore the same IEMP
noise-drive. This is accomplished by the conductor layout of
figure 4.
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Two different trace widths (5 and 10 mil) are used in connecting the
transformers in an attempt to determine the effect of this parameter
on noise response. As indicated on figure 4, transformer probes A, B,
and C have the wide interconnect traces and probe D the narrow
traces. Transformers C and D are nominally identical except for the
trace widths.

Transformer “A” has a test signal applied to it, a 10-MHz
squarewave. The other end of the line carrying the 10-MHz signal is
terminated by an oscilloscope with a 7A29 plug-in. This provides a
good 50-Q termination as well as providing the amplitude reference
for the signal. Other probes have no conductor through them; no
signal is applied—their output is solely noise.

Dosimetry

The dosimetry was accomplished by the accepted methods associ-
ated with the HIFX: for each shot a foil-wrapped package of three
dosimeters was placed on the vacuum-sealing Mylar diaphragm at
the end of the low noise test fixture. This placed the dosimeters only
a few thousandths of an inch (the Mylar and foil thickness) from the
surface of the board on which the transformers were mounted. Cal-
culations by Ovrebo [5), as well as experiments by Smith (6], show
that electronic equilibrium is established here by the aluminum and
carbon at the HIFX faceplate. The latter (the experiments) showed
that the thermoluminescent dosimeters (TLD’s) indicated equal dose
whether placed in thick aluminum pill boxes or wrapped only in
foil.

Test Procedure

The experiment shot procedure consisted of first allowing the
temperature to stabilize at the desired value, then adjusting the
squarewave signal to the desired amplitude, placing the desired
distance between the test fixture and HIFX so as to obtain (nomi-
nally) either 1 x 101! or 4 x 10!! rads(Si)/s and firing HIFX. All data
were then automatically recorded on the digitizers. No effort was
made to synchronize radiation with a specific point on the
squarewave; this was felt to be unnecessary. No lead collimator was
used for the first and second test series; the entire surface of the
testboard was exposed.

The signal continuity was checked for all transformers when the test
boards were installed, and from time to time during the testing. This
was felt to be necessary because in previous work we had observed
a slight tendency for the Pogo-to-board contact to loosen, especially




at low temperatures, where lubricants become thickened. We
checked for continuity by removing one lead of the balanced line
pair from the balun and connecting it to a signal generator, then
observing the signal delivered by the other lead of the pair (still con-
nected to balun and digitizer). In all tests, the correct response was
observed—a reversal of signal polarity and reduction of amplitude
of about one-half.

4. First Test Series

4.1

General Discussion

The shot matrix, table 1, presents an overall view of test conditions
and the corresponding shot numbers. Typical high-dose-rate (~4 x
1011) shot results are shown by figure 6, which presents the
responses observed in the current transformers on test board num-
ber two at 25°C. In examining figure 6, consider first 6(f) (the XRD
radiation detector) and 6(e) (the noise output of transformer C).
Note that there is a time delay between the peaks of the two sig-
nals—that is a result of the approximately 10-ns propagation delay
in the balun and its cable. The XRD signal does not pass through a
balun, whereas all other signals do and are thereby delayed.

Next consider figures 6(a) and 6(c), the signals from the current
transformers in the Pogos connecting the input 10-MHz squarewave
to transformer A. These two signals are 180° out of phase, as they
should be. The sense of the current, which is supplied from outside

Table 1. Shot matrix of test-series 1.

Input Input Nominal

Test  Temp. current freq. dose rate Shot No.
(°C) (mA) (MHz)  (Rads/s)
1 25 5 10 5 x 1010 5968 5975 - - -
2 25 5 10 2x 101 5966 5967 5969 5984 5985
3 25 50 10 5 x 1010 5972 5987 - - -
4 25 50 10 2 x101 5970 5971 5980 5986 -
5 25 100 10 5 x 1010 5974 — - — —
6 25 100 10 2x 101 5973 — - — -
12 -55 5 10 2x 101 5976 5977 5988 5989 -
14 -55 50 10 2x10M 5979 - - — -
16 -55 100 10 2x 101 5978 5990 — — —
22 125 5 10 2x 101 5983 5992 - — —
4 125 50 10 2x 101 5981 - - - -
26 125 100 10 2x10M1 5982 5991 - — -

11
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Figure 6. Radiation-induced noise responses of UMPC transformers in test-series 1. Transformer “A”
has an externally generated 5-mA squarewave signal applied to it; its response (7b) is therefore the
sum of the squarewave and the radiation-induced noise. Radiation level approximately 4 x 10! at
Incation of transformers (center of board). Temperature, 25°C.
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the VTS board, is opposite in the two Pogos. At radiation time, about
10 ns, both signals show an excursion of about 1 mV in the same di-
rection; this is also as it should be—the current producing this excur-
sion is incident on the circuit board traces within the VTS board and
consequently flows in the same sense through both Pogos. The
roughly 1-mV signal corresponds to about a 2-mA radiation-
induced current. The total radiation-induced current into the struc-
tures on the VTS board is therefore about 4 mA, half flowing
through each Pogo connection. Inasmuch as the transformer is very
small, with little surface area to receive IEMP drive, and electrostati-
cally well-shielded, it is reasonable to assume that most of this cur-
rent is induced into the traces on the VTS circuit board, and not into
the transformer. It will be seen that this assumption is in reasonable
agreement with the measurements on traces, reported later in sec-
tions 5.4 and 6.3.

Figure 6(b) shows initially a 3-mV squarewave from transformer A,
corresponding to the external current drive applied from the square-
wave generator. At f « 10 ns, the time of the peak of the radiation
pulse, the waveform is driven positive by about 4 mV, correspond-
ing to 8 mA of radiation-induced noise; in the absence of this noise
the top of the waveform would have continued level at its value as
of 0 ns, just before radiation.

Note that the above-mentioned 4-mA radiation drive to the traces
should be expected to contribute little to this noise signal: the physi-
cal symmetry of the board is such that, as viewed from the trans-
former, equal current contributions should enter both traces and
thus cancel at the balun transformer.

Figure 6(d) shows a similar noise response, about 4 mV (8 mA), for
transformer B. The noise response is easy to discern here since no
squarewave is superimposed on it. Although the shape of the noise
current is different from that in figure 7(b), the full-width durations
are approximately equal to the full width of the HIFX pulse—about
30 ns.

Figures 6(e) and 6(f) are the noise outputs of transformers C and D.
The reason for the considerable increase in amplitude of the noise
from transformer C (it peaks at -18 mV, —-40 mA) is not evident,
although it is likely due to incomplete dielectric insulation on signal-
carrying conductors.

The peak noise response of transformer D, about 3 mV (6 mA), is the
least of the four; this may be related to the fact that the traces con-
necting it to the Pogos are thinner (5 mils) than those of the other
transformers. The reason for the bipolar signal is not evident,
although, as will be seen in the following shot, it is not a unique
response.

13
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4.2

Figure 7 shows corresponding traces for shot 5977, where the above
transformers were irradiated while at -55°C. The dose rate was
about 80 percent of that of the preceding room-temperature shot.

The response of transformer A is similar in shape to that at room
temperature, although about 2.5 times as great, considering the
reduced dose rate. Transformer B now has a bipolar response and its
return to zero level is delayed. Transformers C and D have surpris-
ing responses, with extremely delayed returns to zero.

Similar disparities were observed between the +25°C and -55°C
responses of the transformers on VTS board number 1, although the
maximum noise duration (at -55°C) was not as great as for board
number 2 (described above).

Testing wes at this point discontinued (shot 5992), both because the
alloted HIFX time had run out and because it was obvious that these
transformers were not satisfactory. Section 4.2 summarizes the
results of this first series of tests, and the lollowing sections describe
further tests (series 2 and 3) on new VTS boards with improved
transformers.

Results and Discussion

Table 2 attempts to summarize all results, aithough it is not possible
with a few numerical entries to fully describe some of the more
unusual waveforms. The order of the entries—probe- B, C, D, and
A—is chosen in order to group together probes B and C, which are
nominally identical, and then present the next probe, D (which has
5-mil interconnects, not 10 mil) and then finally probe A, which is
unique in that it has a test waveform applied.

It is quite conspicuous in the table that transformer C on board num-
ber 2 has a problem with temperature extremes, expecially low tem-
peratures. At -55°C, its noise response is much greater in amplitude
than at room temperature, and the asterisks indicate that the dura-
tion of the response is long—much longer than the total duration of
the radiation pulse. The same strongly increased amplitude
response, but without the extreme duration, occurred at +125°C. No
systematic difference seems to have been produced by the use of
5-mil board traces to transformer D; it does not, on the average,
have a response different from B or A, which use 10-mil traces for
connections.

It is probable that some kind of physical distortion, produced by dif-
ferential thermal expansion coefficients, caused the extreme noise
responses at "ow temperatures. It should be noted that the problem




Figure 7. Radiation-induced responses of UMPC transformers to radiation in test-series 1. As in figure

.00 s.0120 pr
e.0810 L e
0.0000 Q,m-..—-_-......f,.u. e ot
0.0080 —
-0.081 ~}
9.0040
-0.002 7 .
~0.003 om-—lw.rl 2
~6.004 -0.002 ; !
__ -0 100 .50 o s 100 |
B. Transformer A
0.0020 0.5020 . .
0.0010 h
-0.000
0.9000 ‘
-0.00% ‘ 7 } .8.002
-0.002
0.004
.0.003 —— et e ]
-0.004 -0.008
:100 -80 ® $0 100 -100 -50 0 $0 100
C. Input 2 D. Transformer B
0.0100 /’_\ 0.0010
9.0080 0.0000 -
8.00001 o [ -o.om? 'A
-0.008 \ L .0.002 h
-0.010 J 0,003 \
-0.018 0.004 -~ '
¥
-0.020 -0.008 i !
-100 -850 ° 80 100 .100 .50 ° P voo
E. Transformer C FT 5
0.050
-0.000 | WWAT I WV, oo
+0.080 +
-0.100 -
-0.180
+0.200 v
-0.290
190 -80 o 0 100
G. XRD

6, except temperature here -55°C. A stretched response is evident in B, C, and D.

—M

15




Table 2. Summary of results, test-series 2.
Dose Peak noise output (mV)
Board Temp (krads Squarewave (Current = mV x 2.4)

Shot No. (*C) (S1)) current (mA) Probe: B C D A
5966 1 +25 35Hi 5 -2.8 -5.5 +4 2
5967 1 +25 47 Hi 5 -3.0 -9 +6 4
5968 1 +25 13Lo 5 +15 -3.0 <1 2
5969 2 +25 45 Hi 5 +45 -18 -38 4
5970 2 +25 46 Hi 50 +3.0 -18 -4.0 8
5971 2 +25 41Hi 50 +3.7 -17 -38 7
5972 2 +25 1.1Llo 50 ? -6.0 =30 5
5973 2 +25 46 Hi 100 +55 <20. 235 10
5974 2 +25 11Lo 100 +45 -8 =25 ?
5975 2 +25 1210 5 +4 -7 -1 5
5976 2 55 38 Hi 5 -6 -15* -2.5* 8
5977 2 -55 33Hi 5 -5 -15* -4 8
5978 2 -55 39Hi 100 -6 £15* -4 6
5979 2 =55 34Hi 50 55 =12* -4 7
5980 2 +25 33 Hi 50 +3.0 =17 +8 6
5981 2 +125 33Hi 50 +20 -25 +15 ?
5982 2 +125 36Hi 100 +4 -22 +15 ?
5983 2 +125 33Hi 5 +4 -21 +1 4
5984 1 +25 26Hi 5 +4 +7 z] 25
5985 1 +25 33Hi 5 -2 -4 +55 2
5986 1 +25 37Hi 50 35 —4 +6 3
5987 1 +25 10Lo 50 <1 2.5 +0.5 ?
5988 1 -55 39Hi 5 -13 >+10 +10 4
5989 1 =55 41Hi 5 -14 +14 +10 3
5990 1 -55 37Hi 100 -14 +15 +8 ?
5991 1 +125 38Hi 100 +15 -3 +2 ?
5992 1 +125 3.7Hi 5 +2 =2 +4 2

*Indicates that noise signal is of greater duration than radiation.

was not a break in the leads coming from the transformer: a
transmitted-pulse test, described in section 3.4, was applied immedi-
ately after all radiation tests where unusual responses were seen and
no failures were observed at any time.

Unfortunately, even at favorable temperatures the noise response is
stronger than desired—the response at the high dose rate being
about 3 or 4 mV (7 to 9 mA) at room temperature. This is a smaller
response than the average seen in the original MPC-8 transformer
[2], but is not quite as good 2= the least-noisy of these transformers.
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It is thought that this high noise level may be a result of the Hipec
flowing away from its desired location during the heating required
to solder the transformer lid (fig. 3) to the circuit board (7).

5. Second Test Series

51

Figure 8. Installation
of current transform-
ers into circuit board
for test-series 2 and
3. Heavy lines
indicate copper;
remainderis
dielectric. Not shown
are copper covers
attached to planes on
top and bottom.

General Discussion

The first series of tests on UMPC transformers indirated generally
higher-than-expected noise levels, and at low temperature {-55°C) a
long recovery persisted in the noise response. These responses were
presumed to be a result of potting materials separating from con-
ductors, allowing IEMP from knock-off electrons to be collected. For
this reason, a new method was designed for attaching the transform-
ers to the test board, and several changes were made in the UMPC
construction. The effect of these improvements on radiation-induced
noise was examined in the second test series.

The major changes in the board design used for the second test
series were as follows:

(1) The UMPC transformer was recessed into the board such that the
top rf shiel 1 was flat with respect to the top of the board (fig. 8). This
more closely approximates the planned installation of the transform-
ers in future test articles.

Cutout top layer
0.200 x 0.350 in.

L F

\ Cutout top layer 2, 3, 4

0.130 x 0.180 in.
Wire bonding level
—4>' l<—0200x0350in
L | — Top ians
. 200 | aver2SIG
0.093 in. 0.030
Sos0 Laver 3 piane

; — |<——0.130x0.180 in.
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(2) The top and bottom of the rf enclosures were silver-epoxied to
the respective ground planes (and not soldered as was previously
done). This was to minimize any effect due to excessive heating of
enclosures, which are silicone coated internally.

(3) Line lengths were carefully balanced for each pair of leads. Addi-
tionally, the balanced leads were located close together, equalizing
the radiation environment seen by them.

(4) “Dummy” transformers, consisting of ceramic carriers (see fig. 3)
without windings, were included to evaluate the noise induced into
connections. The flywires and potting were the same as with operat-
ing transformers.

(5) Various patterns of unconnected test board traces (for instance
figs. 7(a), 8(a), 8(b), and 9) were provided to allow an evaluation of
the noise contribution of traces in the VTS board.

The transformer constructions tested in the second and third test
series were as follows:

(1) Types 1 through 5, inclusive, are electrically the same as those of
the first test series, using a single ferrite bead and a termination
resistor, but with different types of encapsulants.

(2) Type 6 is a “dummy” used to check the package response, exclu-
sive of the transformer windings.

(3) Types 8 through 10, inclusive, use two ferrite beads (increasing
the inductance) with a common winding, but without the 50-Q resis-
tor across the output leads. The L/R ratio remains satisfactory
because of the increased inductance. The absence of the resistor,
with its charge-collecting surface area, was expected to decrease
noise under radiation.

(4) The transformer in board location D (see fig. 9) is connected by
5-mil traces; all other traces are of the standard 10-mil width. Type 7
is a thermistor, used for temperature measurement, and is not a sub-
ject in these tests. These constructions are described in table 3.

A total of five test boards were made in which the various trans-
formers, encapsulants, and board locations were permuted. The
makeup of the boards is presented in table 4.

All boards, and therefore all combinations of construction shown in
table 4, were exposed to HIFX and the results recorded by methods
similar to those employed in the first test series. In the second test
series, as in the first, no lead collimation is used; the full face of the
test board was illuminated.




Table 3. Construction

of UMPC trans- UMPC description Quantity
formers tested in type Components Encapsulant (5 boards)
test-series 2and 3. 1 Ferrite + resistor 2850 FT (blue)! only 4

2 Ferrite + resistor Silicone spray? + 2850 FT (blue) 3

3 Ferrite + resistor Ablebond 69-5 epoxy? only 4

4 Ferrite + resistor Ablebond 933-1 epoxy3 4

5 Ferrite + resistor Rigid Hipec (Q1-4939)* 3

6 None (dummy) Flexible Hipec (6646)* 2

7 Thermistor only Flexible Hipec (6646) 2

8 Two ferrites, no resistor 2850 FT (blue) 3

9 Two ferrites, no resistor  933-1 epoxy only 3

10 Two ferrites, no resistor  Flexible Hipec (6646) 2

Encapsulants:

1Emerson & Cummings; 2Miller Stephenson MS 460; 3Ablestik; #Dow Corning

Table 4. Matrix of UMPC transformer types on test boards of test-series 2 and 3.

Board UMPC type

location Board No. 1 Board No. 2 Board No. 3 Board No. 4 Board No. 5
A 1 10 10 3 4
B 2 (Driven) 4 (Driven) 5 (Driven) 1 (Driven) 3 (Driven)
C 2 4 5 1 3

D (5 mil) 2 4 5 1 3
E 7 7 8 8 (Driven) 9 (Driven)
F 6 6 9 8 9
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5.2

Note that no Pogos containing current transformers were used in the
second and third test series; it was felt that no additional data would
be yielded by them, and recording channels were scarce. In the first
test series the transformer-equipped Pogos held no surprises: they
only verified the test signal current into the current probes (already
known from a monite ing oscilloscope used during setup) and
indicated the total IEMP drive to the board traces and current
transformer.

In the second and third test series the trace [IEMP drive was moni-
tored separately, via the unconnected traces. It was expected that the
IEMP drive to the board traces connecting to the transformer would
be the same in the second test series as it had been in the first series;
the length of the traces was altered only slightly and the board con-
struction was identical.

The IEMP drive to the traces is presented first because it affects the
interpretation of the current transformer noise measurements. It will
be seen that the IEMP drives are less consistent with trace surface
areas than might be expected, and that in general the balance
between IEMP drives to closely-spaced equal length (and width)
lines is not as close as one would expect. This leaves open the pos-
sibility of significant noise injection via the “balanced” lines on
the test board. The noise from the cujac cables and Pogos was
determined to be inconsequential; they are not a part of the noise
background.

The following analysis of the noise contribution of the traces, and of
course the associated Pogos and their cujac lines, is broken into three
parts: (1) Pogos and cujacs, (2) contact pads (the circular board area
contacted by the Pogos), and (3) the traces attached to the contact
pads.

Pogo and Cujac Noise

For these tests the Pogos were insulated from the test board by a
Mylar sheet, and HIFX was operated at maximum charge, spaced
closely to the test board, with no Pb shielding collimator; the dose
rate was about 4 x 1011, The cujacs connected to the Pogos were di-
rectly connected to the 50-Q digitizers. The V-type Pogos (the only
type used in the second and third test series) were found to have
negligible noise levels. When a V-type Pogo was placed in the outer
ring of Pogos, its noise level was less than 1 mV (into 50 Q)—i.e., less
than 0.02 mA. When the Pogo was in the inner ring, the noise level
averaged about 2 mV, with the maximum being 5 mV (0.1 mA).
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5.4

Contact Pad Noise

Table 5 presents the measurements of contact pad noise. When a
Pogo contacted the small (2-mm-diam) pad on the test board, the
noise increased from less than 0.1 mA to the range of 0.16 to 1.1 mA,
depending on the DC bias voltage and whether the pad was in the A
or B ring. This is a larger than expected response, considering the
small area of the 2-mm-diam pad and that the radiation level at the
pad, about 4 x 1019, is about 1/10 that at the center. The radiation
level, adjusted by changing the distance to HIFX, had a modest ef-
fect, far less than linear. These results for contact pads demonstrate
that one must be careful about the location and coating of chip resis-
tors and other components on the test boards; their area is some-
what larger than that of the Pogo pads and they would therefore be
expected {0 receive an IEMP drive of at least a milliamp or so, even
when located near the periphery of the board, the area receiving the
least radiation.

Trace Noise

The final step in determining the noise contribution of the trace
areas on the board connections was to measure the IEMP (o repre-
sentative examples, including, unavoidably, the connecting pad and
Pogo. The test board of figure 9 contains eight unconnected traces,
identified by their ~onnection to Pogo pads 5A, 6A, 7A, 8A, 8B, 174,
17B, and 18A. The IEMP currents received by these traces were
measured for various conditions of DC bias and at both high
(~2 x 1011) and low (~5 x 1010) radiation levels. Attention was con-
centrated on equal length pairs, of which 17A and 18A, and 6A and
7A were the best pairs in that they were close together. The impor-
tance of these pairs is that their response, including the degree of
balance between them, exemplifies that of the balanced traces con-
necting to the secondary of current transformers.

The results for the pairs of traces are shown in table 6. In this table all
readings are for traces with a 0-V DC bias; this is of primary interest

Table 5. Current collection by unconnected Pogo pads, whose locations are shown in figure 4.

-55°C 25°C 125°C
Pad ~5x 1010 ~2 x 1011 ~5 x 1010 ~2x 1011 ~5 x 1010 ~2 x 101
OVbias +15V OV 415V | OV +1FV OV +15V JOV +15V 0OV 415V
7A -24 — =20 — | -34 — 32 — |25 - 20 —
18A -32 — =30 45 |22 48 50 -55 |-55 45 -30 -50
18B -8 -  -12 20 |-10 —~ -13 22 |-12 -18 -8 -2

*Bias on pads either 0 or +15 V as indicated. Radiation level i:idicated is at center of board (location of transfo:mers
under test). Units are mV across 50 Q—i.e.,, mA x 50.

21




Table 6. Radiation-induced noise response of traces in circuit boards for two radiation levels and three
temperatures. Location of traces shown in figure 9. Radiation level indicated is at center of board.
Units are mV across 50 Q—i.e., mA x 50. Trace biasis 0 V.

Trace Board * * 125°

(see fig.10) No. ~5x1010 2x12011 | -5x1010 .2x1011 | ~5x1010 -2x1011
1 -64 -50 -50 -4 -60 -8

17A (10 mils) 2 -38 -56 48 -60 -58 -64
4 -65 43 -63 -65 - -58
1 -60 -50 -64 -56 -63 -55

18A (5 mils) 2 -60 48 -67 -57 -64 -50
4 -85 46 -68 -60 — -57
1 -28 -18 -25 -20 -26 -2

6A (10 mils) 2 - -20 -30 -2 -23 2
4 —_ — —_ — —_ —
1 =31 -25 -36 -27 -32 =25

7A (10 mils) 2 -30 -26 —40 -31 -35 =27
4 -30 -23 —40 32 - -26

because that is their bias condition when they are used to connect to
the output of a current transformer.

An unexpected result was that trace 17A, which is 10 mils wide,
received nearly the same current drive as 18A, which is 5 mils wide.
About half this current was presumably from the Pogo pad (see sect.
5.3), but it is apparent that the wide and narrow traces received
about equal drives.

It can also be seen that the shorter traces (figs. 6(a) and 7(a)) received
little more drive than did the Pogo pads; apparently the IEMP drive
to traces near the periphery »f the board was small. The area of the
traces was about 3.7 x 10-3 in.2; the total surface area was increased
about 50 percent above that of a Pogo pad alone.

Note that the current drive did not in any way follow the radiation
level; when the test fixture -vas moved away from HIFX in order to
decrease the dose rate from ~2 x 101 to ~5 x 1019, the drive in many
cases increased. A similar lack of tracking of IEMP current (or what-
ever the traces and pads are collecting) with radiation level is shown
in table 5.

The boards to which the current transformers were attached did not
contain unconnected traces extending nearer to the center of the
board than do 17A and 18A. The marked increase in collected cur-
rent between 6A,7A and 17A,18A suggests that the additional incre-
ment of length between, say, 17A and a conductor extending to the
center of the board, the location of a transformer, would intercept




considerable current. Information about the current collected by
such long traces was gained from two sources: (1) “dummy” probe
locations, which include traces extending to the board center (but
also the flywires of the ceramic transformer support) and (2) current
to an unconnected buried trace extending to near the center of a test
board used during a previous test. The data regarding the former (1)
will be presented in detail in section 5.5. The results for the buried
trace are presented in table 7. The peak current on this trace was con-
siderable, as much as 3 mA, even at 0-V DC bias (as are the current
transformer connections). This result is in reasonable agreement
with the current-drive value measured in a series-1 test board,
shown previously in section 4.1.

5.5 Dummy Transformer Noise

In all the second test series, the entire front of the board was exposed
to HIFX. This means that the board traces connecting to the trans-
formers were fully irradiated. In order to determine the noise contri-
bution of these connections, two of the test boards contained dum-
mies of transformers. These consisted of the ceramic mounting of
figure 4, but with no components attached to it, connected to the
board exactly as are the transformers.

Note that in all measurements following in this report no conductors
were placed through the current transformers; no current is
applied—the output signal is entirely noise. An external signal, from
a square-wave generator, was only applied in the (preceding) first
series of tests. ,

Table 8 presents the measured noise values for these dummy pack-
ages (“transformer” F of boards 1 and 2), as well as for the actual

Table 7. Radiation-induced noise response of long circuit
board trace (indicated by arrows in figure at right), extending
to center high-radiation area of circuit board. Radiation level
indicated is at center of board. Units are mV across 50 {QQ—i.e.,
mA x 50. Board is fully illuminated (no collimator).

Dose rate Temperature Bias mV across 50 Q

(rads(Si)/s) (°C) I\ (mA x 50)
4x1011 25 0 -150
4x1011 25 +5 -150
1x1011 25 +5 -100
5% 1010 25 (] -50
5x 1010 25 +5 -50
4x 1011 -55 +5 -250
4x 1011 +125 +5 -300
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Table 8. Radiation-

induced noise Board  Temp UMPC transformer
output of UMPC No. (*°C) A B C D E F
?“m.‘f;::.w;s.in 1 25 -5 +30 +6 +5 pkg=-7mA
1 =55 -6 >+30 412 +4 pkg =8 mA
1 +125 6 4 -2 +8 pkg=-l4mA
2 25 —_ -2 -6 +4  pkg=6mA
2 55 — — -8 -2 pkg=-10mA
2 +125 — +6 -10 -2 Pkg=2mA
3 25 -4 ~-10 +6 +10 +3 -3
3 -55 -4 16 123 +8 4t 4
3 +125 -6 -12 +6 +8 +3 -3
4 25 -6 +4 -2 -7 -1 +4
4 -55 < -2 -8t gt 3 5t
4 +125 -8 -4 -5 +8 +4 -3
5 25 +3 -8 -10 +6 -4 -4
5 -55 <t 4 12 4 4 -4t
5 +125 -6 -3 -7 +6 -2 23

*Radiation level indicated is at center of board, no collimator. Linits are mA,
taking into account balun loss. Values marked “pkg” are for a ceramic carrier
with no transformer attached; the measured noise signal is that picked up by
the carrier, flywires, and board traces.

Hndicates thet the noise signal was time-stretched to a duration significantly
greater than radiation duration.

transformers. The dose rate was approximately 2 x 10! in all cases.
It is seen that the measured dummy transformer noise signal was
considerable, as much as 14 mA, with an average (absolute) value of
about 8 mA. These measurements should be considered in the con-
text that the calibration factor of the typical (one core) UMPC is 2.4
mA /mV, including the effect of the balun; the measured noise there-
fore represents the signal that would be produced by a current of
(peak) 17 mA or (average) 10 mA flowing through the primary of a
single-core UMPC. For the type 8, 9, or 10 UMPC (two cores), with a
calibration factor of 0.8 mA/mV, the equivalent noise level averages
2.5 mA with a peak of 5 mA.

5.6 UMPC Transformer Noise

Table 8 also shows the responses of “real” UMPC transformers. To
interpret table 8, recall that tables 3 and 4 relate the transformer loca-
tion and board number to type of construction; for instance, trans-
former A on board 1 is a UMPC of type 1 construction: single ferrite
core, 50-Q internal load resistor, potted into the VTS board with blue
encapsulant. It is readily apparent from table 8 that the induced
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Figure 10. Radiation-
induced noise response
of a type 1 (single-core)
transformer on consec-
utive shots as temper-
ature and radiation
level are varied; "H”
denotes about 2 x 101
and "L* about 5 x 1019,
Shots far too numerous
to be shown here
demonstrate that the
time-stretched
responses clearly
vigiblein C,E,and G
are frequent at low
temperature and do not
occur at other temper-
atures. Transformer is
“C” on board 4.

noise does not reach the hoped-for 1-maA level. It is also seen that
low-temperature performance continues to be a problem; a number
of the transformers have the.r greatest noise at this low temperature,
and the noise-pulse stretching seen in the first series is again present
in six of these transformers.

Figures 10 to 12 show the responses of three transforiners as the tem-
perature was varied. The traces are placed in order of consecutive
shots, including two temperature steps (25° to ~55°C and -55° to
+125°C) ia« an attempt to delineate the onset and decay of stretching
as the temperature was changed. The “H” or “L” at the lower corner
of each trace indicates ~2 x 1011 or ~5 x 101 rads(Si)/s.

Transformer C (fi~ 10) shows an erratic occurrence of stretching in
consecutive low-temperature shots, and transformer F (fig. 11) con-
sistently stretches at low temperature. Transformer A (fig. 12) seems
unaffected by temperature changes. The reason for this (atypical)
lack of temperature response ~ould not be found.

The shape of the stretched 1esponse does not seem consistent witi
any electronic effect, such as cable reflection. In any case, the electri-
cal integrity of the probe, Pogos, and cujacs was checked by a roun.-
trip signal injection, as described previously in section 3.4, and no
faults were found.
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Figure 11. Radiation-
induced noise re-
sponse of type 8 (two-
core) transformer on
consecutive shots as
temperature and
radiation level are
varied. "H” denotes 25°C -55°C H —85°C
about 2 x 1031 and "L
about S x 1010, Asin )
figure 10 a stretched o I
and increased ot o,
response is produced i H S
at low temperature. ™ T
Transformer is “F” on ot {.W 1 ]
board 4. e %0 e l.f!’. -se_me |
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sponse of type 1 el bl
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and radiation level R i -
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and ”L~ 5 x 10%%, No L g T
effect is seen as L m
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5.7

Figure 13. Method of
measuring response
of UMPC-balun
system to an un-
balanced current drive
on interconnecting
transmission line.

Returning to table 8, it seems that the worst noise performance,
excluding transformer B of board 1, which seems anomolous, is
shown by 3B, 1C, 2C, and 5C; these are all of different construction,
save for the common factor of being single core, with an internal
50-Q resistor.

Transformers 4E, 2D, 3F, and SE are the best performers. Among
these the construction of types 8, 9, and 10 (two cores, no internal
resistor) is represented three times.

The conclusion is that the dual-core transformers have a lower
equivalent noise level than the single-core, and that the effect of
other construction details is ambiguous.

Balanced-Line Transfer Impedance and Noise

It was clear from the results of section 5.4 that one could not assume
equal, and therefore compensating, drives to the transformer con-
nections; they were therefore a significant source of noise.

The effective impedance at the current transformer’s output termi-
nals was not known, so an arrangement as depicted in figure 13 was
used to relate unequal currents induced onto the balanced lines to
the indicated current response. The pulse generator was terminated
by the 51-Q resistoz, and low inductance 1000-Q resistors (chip type)
were used to drive current into one or both of the transformer out-
put terminals®),©at the VTS test-board Pogo connections. These
Pogo connections were also connected by short cujac cables to a
balun, and the balun output was recorded as a function of the cur-
rent drive.
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5.8

We found that for single-core transformers 1 mA of unbalanced
noise drive (produced by pulsing@©to 1 V) created a 10-mV output
from the balun; this is equal to what would be produced by a current
of about 24 mA in the primary. If both connections were driven
equally (by connecting@to both 1000-Q resistors(Bland©)) the out-
put returned to zero, as it should. Shorting the inputs (15A to 16A)
had no appreciable effect—the response was not dependent on the
input circuit to which the probe was attached.

The double-core transformers had a noise response about 1.6 times
as great as that of the single-core devices; a 1-mA unbalanced drive
produced about 16 mV of noise from the balun.

Discussion of Results

Referring to table 6 we see that noise-drive inequalities amounting
to 0.1 to 0.2 mA (5 to 10 mV into 50 Q) are frequent between pairs of
traces on the VTS board. Relative to the single-core transformers
these would manifest themselves as an apparent input current 24
times as great—2.4 to 4.8 mA,; this is near the range typically seen for
noise in the single-core transformer systems of table 8.

The increased noise-drive response of the two-core transformer is
offset by its current response, which is over three times as great, at
1.5 mV/mA (versus 0.45 mV/mA). The net result is that the noise
response in terms of primary current is about half as much as for the
single-core UMPCs. The noise response shown in table 8 is also
roughly one-half.

The sensitivity of the UMPC system to unbalanced current drive to
the conductors within the test board suggested that the measured
UMPC noise responses were not driven by the transformer itself, but
rather by the board. In the next phase of tests (series 3) apertures
were used to attempt to allow radiation to fall only on the trans-
former and its immediate surroundings, excluding the effects of the
conducting traces in the test board.

6. Third Test Series

6.1

General Discussion

The final (test-series 3) step in evaluating the UMPCs was to irradi-
ate selected ones through radiation-collimating apertures in an
attempt to avoid the noise contribution of the interconnecting traces.
The noise response of traces alone was also measured with the colli-
mated beam. A complete beam-stopping shield was also used in a
few instances to establish the noise floor (which was found to be




6.2

Figure 14. Placement
of " collimator”
between HIFX and
board carrying UMPC
transformers. Dose-
measuring TLD's are
located on board,
centered with
collimator opening.
For reduced radiation
level the collimator
remains in same
location relative to
HIFX and the board is
moved away from
both.

suitably low). Only a small number of tests were possible, since only
a single day of shooting could be worked into the HIFX schedule.
These tests were conducted at 25°C both to avoid possible heating/
cooling damage between shots and to speed up the shot rate. Figure
14 shows the arrangement of the collimator between HIFX and the
transformers on the test board. The collimator consists of a 1-in.-
thick Pb slab with either a 3/4- or Z-in. opening. The inner surfaces
of the opening and the surface facing the transformer are covered
with 0.05-in.-thick aluminum to stop the electrons emitted from the
high-Z Pb. In use, the 3/4-in. opening is centered in front of an indi-
vidual transformer and the 3-in. opening is centered with the board;
it is large enough to include all transformers.

The maximum obtainable fluence was reduced because of the
increased separation between t. ansformer and HIFX which was nec-
essary to insert the collimator. TLDs monitored the actual dose rate
obtained under these test conditions and showed the typical inci-
dent fluence to be about 1 x 10!! when the 3-in. aperture was used
and 8 x 1010 with the 3/4-in. aperture.

Transformer Noise

In test-series 2 (no collimation) transformer 3E was among the low-
est in noise of the two-core types, and therefore among the lowest in

“Collimator”
approx. 1-4n. Pb
0.05-in. Al liner
(3 in. diam. shown) Test cassette
| & )
. Probes
]
—
..... /
| /
d
Drift ube

Location of Transformers
J/4-in. on test board
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Figure 15. Radiation-
induced noise
response of two-core
transformer 4F with
several conditions of
collimator aperture/
shielding. The peax
radiation level is
about 1 x 101! for
15B-15D.

noise of all the transformers. As shown in table 8, its noise level was
equivalent to about 3 mA when exposed at 3 x 1011 with the connect-
ing traces unshielded by Pb. ¥“'hen exposed through the 3-in. aper-
ture the noise level peaked at less than 1 mA; this is reduced by
abont the same ratio as the fluences. When exposed through the 3/4-
in. aperture the noise level dropped only a little, relative to the
results with the 3-in. aperture. These results imply that (1) the lines
are in this case not a major contribution to the noise (the noise is
hardly affected by irradiating about 1/2 the length of the line traces
on the board as opposed to their full length) and (2) therefore the
noise seen is a product of the @ansformer and its immediate connec-
tions. The noise level of transformer 3E itself is about 0.7 mA at
8 x 1019, determined by the measurement through the 3/4-in. aper-
ture. It would therefore be about 2.5 mA at the 3 x 1011 level
obtained in test-series 2. Recall that these results are for 25°C.

Another two-core transformer, 4F, was not quite as low-noise as 3E
in test-series 2, but it was exposed to a more complete range of radia-
tion conditions in test-series 3. Figure 15 shows results for irradia-
tion through 3/4- and 3-in. apertures, no aperture (full board
exposed), and with a full Pb shield (virtually no radiation). The pro-
gressively larger noise level as the aperture increases implicates the
interconnecting traces as a significant noise source. Trace 15A, with
negligible radiation, iliustrates the electronic noise level; although
digitization noise is apparent, the deviation at radiation time ap-
pears to be less than 0.5 mV.
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Figure 16. Radiation-
induced noise
response of single-
core transformer 2C
with several
conditions of
collimator aperture/
shielding. The peak
radiation level is
about 1 x 1011 for
16B-16D.

Figure 17. Radiation-
induced noise
response of single-
core transformer 1C
irradiated through
3/4- and 3-in.
apertures. Duse rate
about 1 x 1011,

Figure 16 shows results for single-core transformer 2C, one of the
lowest noise single-core units in the second test series. The results
are similar to those seen for 3E. The noise level is little affected by
increasing the aperture size and irradiating larger lengths of the bal-
anced line on the board. The noise level is therefore presumed to be
primarily that of the transformer itself. The noise response is about
2mA at1 x 1011,

Figure 17 is the performance of a high-noise single-core transformer,
1C, through apertures. An increase in noise is visible as the aperture
is increased, showing that the noise picked up by the board traces is
a contributor.

The preceding paragraphs, describing the series-3 test results, lead
to the same conclusion reached in the series-2 tests: The noise contri-
bution of the balanced (at least geometrically) lines connecting to the
trans” ~rmer is likely the determining factor in the UMPC system
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6.3

noise. In those cases where system noise was found to be low and
not strongly dependent on the area irradiated—for instance, trans-
former systems 3E and 4C—it is likely because the lines happen to
receive equal drive, and these drives cancel in the balun. Under
these conditions the observed noise is assumed to approach that of
the transformer itself. This noise can be quite low, less than 1 mA at
8 x 1010, and is estimated as about 2.5 mA at 3 x 1011,

Trace Noise

Pogo pad and trace noise were also observed during test-series 3. It
is useful to look at the drive received by traces 17A and 18A (the bal-
anced pair connected to Pogo pads in the A ring), 8B, a single trace
connected to a B-ring Pogo, and 4A, a Pogo pad alone. These are the
same traces and Pogo pad monitored in the series-2 tests. Figure 10
shows their location.

Figure 18 presents the IEMP drives to the pair 17A,18A (expressed in
mV into 50 Q). Recall that 18A is 5 mils wide and 17A 10 mils wide,
as are all other board traces. Figure 18(a) shows the drives with the
3/4-in. aperture aligned with transformer 4F, at the opposite side of
the board from 17A and 18A (see fig. 9), and the drives are similar in
magnitude, but of different polarity. The thinner trace, 18A, receives
somewhat mcre drive. When the 3/4-in. aperture is aligned with
transformer 4C, near the ends of 17A and 18A, the drives are
increased. It is still of opposite polarity, and the 5- and 10-mil traces
still receive nearly equal drive magnitudes (fig. 18b). When the 3-in.
aperture is used, illuminating the center half diameter of the board,
the drives become larger and highly unequal in magnitude,
although of the same polarity (fig. 18c). Again, the narrower trace
receives more drive. Finally, the collimator is removed and the
entire board face is illuminated. The drives increase somewhat
more, with the drive to 18A saturating the digitizer. We see once
again that neighboring traces do not necessarily receive drives pro-
portional to their area, or even drives of the same polarity.

The response of trace 8B, which is most nearly the same as the traces
connecting the UMPC secondaries to the Pogo, is shown in figure 19.
It shows increasing drive as the aperture is moved nearer to it or
expanded in size.

The response of Pogo pad 4A is not shown as a figure. Suffice it to
say that it receives little drive with any of the collimators in place—
not surprising since it is about 1 in. from the opening of even the
large 3-in. collimator. When the collimator is removed the drive is
similar to that observed in test phase 2 (see table 5).
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Figure 18. Radiation-induced noise voltages on traces 17A and 18A (a “matcaned-pair;” see fig. 9) as
collimating aperture size and location is varied. In the four pairs of traces 17A is upper and 18A lower.
Note that the voltages do not remain equal, in spite of the identical sizes and close colocations of the
traces.
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Figure 19. Radiation-induced noise voltages on trace 8B (see fig. 9) as aperture size and location are

varied. This trace is much like those

the transformer outputs to instruments; it is 10 mils

wide and connects to a B-ring Pogo, whose noise level into 50 2 is typically less than 1 mV.
7. Conclusions and Comments

The original purpose of the study was to determine what types of
UMPC transformer constructions (potting compounds, number of
cores, etc.) were best with respect to noise. The conclusion has
already been stated: the two-core type provides a lower noise. This
seems to be little affected by construction details such as potting
materiz.. The lack of the internal load resistor is presumably the rea-
son: without it the transfer function is increased, with a greater sig-
nal output produced for a given input current; any noise contribu-
tion from JEMP onto the connecting traces is proportionately
decreased.

There was a decided improvement in the performance of even the
single-core transformer of the second set (test-series 2 and 3) relative
to those first test series. This is likely because these were all develop-
mental devices, and much more careful potting procedures and
lower solder temperatures were used in constructing the second set.

It was nc. possible to determine with certainty the noise level of the
transformer itself, since its output signal could never be entirely




divorced from the effects of the connecting traces on the circuit
board. In some cases, such as those represented in figure 16, it
appeared that the connecting traces contributed a minimal amount;
the total noise level was sub-milliamp at about 1 x 1011 rads(Si)/s.
The low trace-noise assumption also allow's the data of table 8 to be
taken as meaningful for the same transformers, in the higher dose-
rate tests of series 2. The noise level of two-core units, 3E and 4F, is
about 3 mA, with an incident dose rate of about 4 x 1011.

An important finding is that the circuit boards do not provide a low
or balanced noise drive to traces, even when the boards are fabri-
cated carefully, with multi-layer geometrically balanced construc-
tion. The drive was not found to be necessarily proportional to either
trace surface area or radiation level. Since this is so greatly at odds
with expected results, where drive is proportional to area and dose
rate, it would seem that some additional type of coupling, as well as
direct IEMP drive, may be taking place between the radiation (or its
source, HIFX) and the traces within the board.

It is useful to have determined (in sect. 5.7) the relationship between
unbalanced noise drive to the transmission line connecting to the
transformer and the equivalent primary current (that being meas-
ured by the transformer). Unfortunately the result shows that the
transfyrmer system is sensitive, that excellent balance is required to
achieve a low noise level, and such equality of drive was not typi-
cally observed in the measurements of trace response.

The time-widened noise pulses seen at low temperature in figure 11
and elsewhere remain a mystery. They resemble the delayed current
due to slow-moving secondary electrons being collected by charged
surfaces, reported by Seider et al. [8], but in these UMPC experi-
ments the bias on the lands connecting to the transformer outputs is
always zero (within £50 mV), and this would not produce the
fringing-field which was necessary to cause their collection in those
experiments [8].

8. Recommendations

It appears that more understanding of radiation-induced current
drive to buried conductors is required, at least how to achieve equal-
ity in them. As stated earlier, many of the drives observed in these
tests were not expected or explained with sufficient accuracy by the
typical board IEMP criteria. It is recognized, however, that the goal
of measurement of small currents imposes demands which are more
stringent than required for typical circuits; for instance, almost no
digital circuit would be significantly affected by the presence or
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absence of a 2-mA circuit-board IEMP drive, yet this level is critical
to the goal of input photocurrent measurements.

The sometimes totally unexpected noise levels, which in a device
under test (DUT) would almost certainly have been mistaken for sig-
nals, demonstrate the necessity of including noise references in
radiation test systems. We have seen that even when everything is
scrupulously done “correctly,” surprises occur. “Dummy” noise ref-
erence probes can alert the experimenter to a problem. A previous
test demonstrating the value of such noise probes was a part of the
Disco ElIm UGT [9]. Here the noise-reference current probes showed
that background noise was large, and therefore that data reported
by the signal current probes were suspect. This led to the study of
Blackburn et al. [2], which revealed that under some conditions the
current transformers in use at that time had unexpectedly large
noise responses.

Finally, I suggest that current probe instrumentation be supplied
with a means to conveniently determine that the probe-line-balun
system is intact. If one of the two balanced lines becomes detached,
the signal will drop by 50 percent, but otherwise be little changed;
this can easily be undetected (especially if the experimenter is with-
out accurate prediction); meanwhile, the signal-to-noise ratio may
have deteriorated to near zero, resulting in only noise being meas-
ured under radiation.

If unmatched tees are placed at balun inputs, a point for attaching a
test signal is available: the open inputs to the tees. (Although only
one tee is needed for this, the second retains the symmetry of the sig-
nal path.) If a pulse is applied to one of the tees (by a temporary con-
nection), a characteristic signal will be seen at the balun output. This
signal will depend on transmission-line length and type of trans-
former, but will be discernible from that obtained if the lines or
transformer contain a broken path. Note that since no disconnection
of connectors in the signal path is required for this test it avoids the
possibility of a faulty reconnection, as can occur when a line is tem-
porarily disconnected for tests and then reconnected. The short
unterminated stub formed by the normally unused connection to the
tee is inconsequential at the frequencies where the probes are used,
appearing as a shunt capacitance of about 1 pF.
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